Raman and Brillouin amplification of laser pulses in plasma have been shown to produce picosecond pulses of petawatt power. In previous tudies, filamentation of the probe pulse has been identified as the biggest threat to the amplification process, especially for Brillouin amplification, which employs the highest plasma densities. Therefore it has been proposed to perform Brillouin scattering at densities below n cr /4 to reduce the influence of filamentation. However, parastic Raman scattering can become a problem at such densities, contrary to densities above n cr /4, where it is suppressed. In this paper, we investigate the influence of parasitic Raman scattering on Brillouin amplification at densities below n cr /4. We expose the specific problems posed by both Raman backward and forward scattering, and how both types of scattering can be mitigated, leading to an increased performance of the Brillouin amplification process.
I. INTRODUCTION
Amplification of laser beams via parametric instabilities in plasma (Raman and Brillouin scattering) has been proposed a number of times [1] [2] [3] [4] [5] , but came into its own only relatively recently [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Brillouin scattering has also been used to transfer energy via the Cross-Beam Energy Transfer scheme at the National Ignition Facility [17] [18] [19] [20] [21] [22] [23] . Both Raman and Brillouin scattering have been studied extensively in the context of Inertial Confinement Fusion [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] ; Raman scattering also in the context of wakefield acceleration [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . Raman and Brillouin scattering are processes where two electromagnetic waves at slightly different frequencies propagating in plasma exchange energy via a plasma wave. For Raman scattering, this is a fast electron plasma wave, while for Brillouin scattering it is a slower ion-acoustic wave [44] . When it comes to laser beam amplification, Raman and Brillouin scattering have different properties and serve different purposes. Raman amplification yields the shortest output pulses and the highest amplification ratios, but it is sensitive to fluctuations in the experimental parameters and requires high accuracy in the matching of laser and plasma frequencies. Brillouin amplification yields lower peak intensities or amplification ratios, but is far more robust to parameter fluctuations or frequency mismatch, more efficient (as less laser energy stays behind in the plasma wave) and more suitable for the production of pulses with a high total power or energy.
Previous investigations into Raman and Brillouin scattering identified filamentation as the most important limiting factor for succesful amplification [13, 45] . This is especially true for Brillouin amplification, since it employs higher plasma densities than Raman amplification. Thus, it has been proposed to reduce the plasma density for Brillouin amplification from n 0 /n cr = 0.3 [9] to n 0 /n cr = 0.05 [48, 49] , where n 0 denotes the background plasma electron density and n cr denotes the critical density for the wave length of the pump laser.
However, while stimulated Raman scattering (SRS) is suppressed for n 0 /n cr = 0.3, it is possible at any density below n 0 /n cr = 0.25 [44] , and can be expected to interfere with the Brillouin amplification process. Examples of strong longitudinal pulse envelope modulations and intense prepulses preceding the amplified probe pulse, all induced by Raman forward scattering, have been observed before [45, 49] . Therefore, we need to investigate the influence of stimulated Raman scattering (both backward and forward) on Brillouin amplification at sub-quarter-critical densities. This will be done as follows. First, we will give a summary of the self-similar theory of Brillouin amplification in the strong-coupling regime [9, 45] . Next, we will thoroughly analyse the results of a particle-in-cell (PIC) simulation of a scenario where strong SRS is likely to occur: laser beam intensities of 10 16 W cm −2 for a waven length of 1 µm and n 0 /n cr = 0.05. Finally, we will carry out a thorough parameter scan to identify the parameters for the pump laser and the plasma column where the best results (highest amplification factor, lowest relative level of parasitic SRS) can be obtained. We will also investigate and discuss the impact of using non-constant plasma density profiles, as proposed by Riconda et al. [49] .
II. SELF-SIMILAR THEORY OF BRILLOUIN AMPLIFICATION
We start from a homogeneous plasma with electron number density n 0 , plasma frequency
T e and T i , electron thermal speed v 2 T = k B T e /m e , Debye length λ D = v T /ω p , and a pump laser pulse with wave length λ, intensity I, frequency ω 0 = 2πc/λ, dimensionless amplitude
, where g = 1 (g = 1/2) denotes linear (circular) polarisation, and wave group speed v g /c = 1 − ω 2 p /ω 2 0 = 1 − n 0 /n cr . Let the durations of pump and probe pulse be given by τ pu and τ pr , and define γ B = (
the Brillouin scattering growth rate in the strong-coupling regime [44] . Expansion of the self-similar coordinate ξ of Ref. [9] , and application of the energy balance a 2 pr τ pr = ηa 2 0 τ pu yields:
where ξ B ≈ 3.5 is a numerical constant and η denotes the pump depletion efficiency. The physical interpretation of Eq. (1) is that the duration of the probe pulse is similar to the time it takes the probe to deplete the counterpropagating pump: for increasing pump intensity or probe amplification (i.e. longer τ pu ), pump depletion is more rapid and τ pr decreases. This allows one to tune the final probe duration via the properties of the pump beam, similar to Raman amplification [15] . Eq. (2) implies that the initial probe pulse duration is not a free parameter: this equation dictates the optimal initial probe pulse duration τ opt for a given initial probe pulse amplitude a 1 .
From previous numerical work on Raman [15, 46] and Brillouin amplification [47] , it follows that if the probe pulse is too short for its amplitude initially, it will reshape itself first to fulfil Eq. (2), and only then start to amplify. Ensuring that the probe pulse fulfils Eq. (2) from the start will speed up the amplification process and increase the efficiency.
For that reason, we will vary the plasma density, pump intensity and the interaction length in our simulations, but the initial probe pulse intensity will be chosen equal to the pump intensity, and the probe duration will be treated as a dependent parameter and calculated using Eq. (2).
III. PARASITIC INSTABILITIES AT SUB-QUARTER-CRITICAL DENSITIES
A. Theory and ponderomotive filamentation (PF), relative to the strong-couping Brillouin backward scattering growth rate, versus plasma density. The pump laser amplitude is determined by the threshold for strong coupling Brillouin scattering [44] .
In order to assess the relative importance of various competing processes, we have calculated the growth rates for Raman backward scattering (γ RBS = (a 0 /2) √ ω 0 ω pe ), Raman for- [57] ) and strong-coupling Brillouin backward scattering (γ B , see above), for 0.0001 ≤ n 0 /n cr ≤ 0.1. The pump field amplitude was chosen to be three times the threshold value for strong-coupling Brillouin scattering [44] 
We made this particular choice because we found earlier that the pump pulse amplitude should be as low as possible, but still above the strong-coupling threshold, for optimal results [45] . With these adjustments to the pump intensity, the density dependence of the various growth rates is as follows:
These growth rates are plotted in Figure 1 ; all growth rates are shown relative to the Brillouin scattering growth rate. For our particular configuration, we find that the growth rate for the ponderomotive filamentation does not change with density, while the RBS growth rate increases and the RFS growth rate decreases with decreasing plasma density.
As will be confirmed in our simulation results below, a density of n 0 /n cr = 0.05 is really too high, driving too much RFS, while much better results can be obtained for densities around n 0 /n cr = 0.01. At even lower densities, e.g. n 0 /n cr = 0.001, one has to worry that the growth rate for Brillouin scattering becomes too low for this process to be useful, while the plasma frequency becomes low enough that the (anti-)Stokes side bands of Raman scattering, located at ω 0 ± ω pe , may fall within the bandwidth of the probe pulse and may be directly driven by it. This fixes the useful density interval to roughly 0.005 ≤ n 0 /n cr ≤ 0.02.
It should be noted that the adjusted growth rate of Raman backscatter increases for decreasing plasma density because the pump laser intensity is increased in order to remain above the threshold for strong-coupling Brillouin scattering. However, we do not observe a corresponding increase in the overall level of RBS in our numerical simulations. It is conjectured that RBS saturates at lower densities due to wave breaking of the RBS Langmuir wave, since the amplitude threshold for wave breaking scales as n 0 /n cr .
B. Numerical simulations
We have carried out a sequence of one-dimensional particle-in-cell (PIC) simulations using the code OSIRIS [50] [51] [52] . Parameters varied in these simulations are the plasma density
(n e /n cr = 0.05 or 0.01), the pump intensity (I 0 = 10 16 , 10 15 or 10 14 W cm −2 ) and the interaction length. The initial seed pulse intensity was chosen to be the same as the pump intensity, and the seed duration was be half the value predicted by (2). The plasma column was given a constant density, and had a fixed length. The simulations were conducted in a static window, since we needed to study the pump pulse reflection due to Raman backward scattering. The computational demands of the simulations forced us to conduct them in one dimension; even so, useful trends could be unearthed. Although filamentation cannot be modelled in 1-D simulations, we expect that it will decrease in importance for lower densities, as its growth rate scales quite quickly with density: γ f = (a to generate a large prepulse to the growing probe pulse, spoiling its contrast, while RFS causes the probe pulse envelope to be strongly modulated, rendering it about as dangerous as filamentation. A Fourier analysis of the k-spectrum of the pulses, shown in Fig. 2(b) and (c), reveals that the pump pulse mostly suffers from Raman backward scattering, while
Raman forward scattering is dominant in the probe pulse. A close inspection of all Raman W cm −2 , n 0 /n cr = 0.01 and 100 RBS growth lengths (5 mm interaction length), corresponding to the best result in Table I . The reduction in parasitic RBS and the improved pulse quality are obvious, even after a much longer propagation through plasma.
scattering occurring during Brillouin amplification found that the growth of the probe pulse saturates due to high levels of Raman forward scattering, rather than Raman backscattering.
If the level of RFS in the probe pulse becomes non-linear, the coherence of the probe pulse's carrier wave, and thus the coupling between pump and probe, is lost, and probe amplification stops; this can be seen in Figure 2 (a1). It was also found that high levels of pump RFS are a good indicator of non-linear probe RFS. Fortunately, reduction of RFS can be achieved via a reduction in plasma density, which effects the RFS growth rate more than any other growth rate:
It follows that lowering the plasma density even further, e.g. to n 0 /n cr = 0.01, will immediately improve the pump-to-probe amplification ratio and energy transfer.
From the results of our first simulation, it is obvious that stimulated Raman scattering needs to be controlled, if one wishes to conduct brillouin amplification at densities below n 0 /n cr ≤ 0.25. To this end, we have conducted a sequence of 1-D particle-in-cell simulations, where we varied the pump laser intensity, the plasma density, and the interaction length, as described above. A summary of all sub-quarter-critical simulations, listing the pump-toprobe amplification ratio for each, is given in Table I . It is immediately clear that a plasma density of n 0 /n cr = 0.01 yields better results than n 0 /n cr = 0.05; this is found to be mainly caused by a reduction in RFS, which delays saturation of the growing probe. The results of Table I can be summarised as follows. (i) For an interaction length of 10 * L R , parasitic RBS remains at a low level, but the amplification ratio is very small; the highest ratio obtained is 1. 35 for n e /n cr = 0.05 and a 10 15 W cm −2 pump pulse.
(ii)
For an interaction length of 30 * L R or 100 * L R , the amplification ratio improves, e.g. a ratio of 6.3 was obtained for n e /n cr = 0.01 and a 10 15 W cm −2 pump pulse, but the level of RBS increases proportionally, reaching up to 10% of the pump energy for a 100 * L R interaction length. (iii) The amplification ratio increases for decreasing intensity, but only if the pump intensity/amplitude is above the threshold for strong coupling, given by a and Weber [48, 49] used n e /n cr = 0.05, a 10 16 W cm −2 pump pulse and a 65 * L R interaction length, and obtained amplification ratios of 8-10 (for a 10 16 W cm −2 initial probe intensity), but at a cost of a high level of unwanted RBS, almost equalling the level of (wanted) BBS in some cases, as well as significant modulation of the seed envelope by RFS, as is clear from the frequency spectra in Ref. [49] .
Raman forward scattering puts an upper limit on the compression and amplification ratios that can be reached for sub-quarter-critical densities. As shown above, lowering the plasma density will immediately improve the pump-toprobe amplification ratio and energy transfer, but it may also reduce the Brillouin backscattering growth rate, especially at the beginning of the interaction when the probe intensity is still low. Using a plasma density profiles with a "ramp" rather than a "plateau", with the highest plasma density facing the probe pulse, as proposed by Weber, Riconda et al.
[ 48, 49] , could be a good compromise in this case. We investigated this in a simulation with a trapezoidal density profile (a plateau of 0.24 mm with ramps of 0.24 mm on either side) instead of a constant plasma density throughout. A significant reduction in premature pump RFS was found, causing an improvement in probe growth (amplification factors of up to 10 were found for "ramp" profiles), simply because the average plasma density is lower for a "ramp" profile than for a "plateau". Brillouin growth is still kickstarted by the high plasma density at the end facing the incoming probe pulse. Results are shown in Figure 3 . It should be noted that frequency matching between pump, probe and ion-acoustic frequencies is not really an issue here, even in the presence of a density ramp, since the ion-acoustic frequency is so small that the frequency difference between the pump and probe pulses is always fully covered by the bandwidth of the probe pulse. Conversely, the non-constant plasma density and electron plasma frequency may strongly impact the growth of all forms This improvement is mainly attributed to the reduction of RFS due to the presence of the density ramps.
of Raman scattering, which is rather beneficial in this case.
IV. CONCLUSIONS
We have studied Brillouin amplification of short laser pulses in plasma at electron densities n 0 /n cr < 0.25. At such densities, filamentation of the growing probe laser pulse is reduced compared to e.g. n 0 /n cr = 0.3, but stimulated Raman scattering, which is inhibited for n 0 /n cr > 0.25, suddenly becomes possible and introduces extra complications. Raman backscattering of the pump pulse adds a large pre-pulse to the amplified probe, while Raman forward scattering of the probe itself causes strong envelope modulations and a reduction of pulse quality. Even worse, non-linear Raman forward scattering destroys the coherence of the probe pulse's carrier wave, inhibiting further Brillouin amplification. Therefore, parasitic
Raman scattering needs to be reduced at all cost in order to boost Brillouin amplification at sub-quarter-critical plasma densities.
Fortunately, the RFS growth rate scales much faster with the plasma density than the BBS growth rate (n 0 versus n 1/3 0 ), so reducing the plasma density will immediately reduce RFS levels without compromising the Brillouin amplification process too much. We have performed a range of 1-D particle-in-cell simulations where we varied the pump laser intensity, the plasma density and the interaction length. The simulation results showed that lowering either the plasma density or the pump intensity led to a significant improvement in the amplification and compression ratios, as well as the quality of the amplified pulse. The best result obtained was for n 0 /n cr = 0.01 and a pump intensity of 10 15 W cm −2 , although there are strong indications that even better results can be obtained by increasing the interaction length for the simulations at 10 14 W cm −2 pump intensity and n 0 /n cr = 0.01.
In particular, we conclude that Brillouin amplification should be conducted at densities for which RFS is either impossible (n 0 /n cr > 0.25) or unimportant (n 0 /n cr ≤ 0.01). For 0.01 < n 0 /n cr < 0.25, the disadvantage of increased pump RBS and probe RFS is more serious than the advantage of reduced probe filamentation.
As a compromise between using a higher density to improve Brillouin scattering and a lower density to reduce Raman scattering, one can use a plasma density profiles with a "ramp" rather than a "plateau", with the highest plasma density facing the probe pulse.
This will stimulate Brillouin scattering during the early stages of the interaction, when the probe intensity is still low, while reducing Raman forward scattering later on, when the probe intensity is much higher. Initial simulations of this scenario showed a reduction in RFS accompanied by an improvement in probe amplification and quality, so the use of tailored plasma density profiles deserves further investigation.
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